Stochastic analysis of flow and transport in the subsurface usually assumes that the soil permeability is a stationary, homogeneous stochastic process with a finite variance. Some field data suggest, however, that the permeability distributions may have a fractal character with long-range correlations. It is of interest to investigate how the fractal character of permeability distribution influences the spreading and mixing process in porous media. The results of our analysis of this problem for perfectly stratified media with fractal distribution of permeability along the vertical are presented. Results were obtained for the transient and asymptotic dispersivities in the longitudinal direction. The results show that the macroscopic asymptotic dispersivity depends strongly on the fractal dimension of vertical permeability distribution. Specifically, the higher the fractal dimension, the lower the value of macroscopic dispersivity. The macroscopic dispersivity was found to be problem-scale dependent in transient (development) and asymptotic phases. Variance of fluctuation of concentration was also analyzed and found to be dependent on the fractal dimension. In this case, the higher fractal dimension results in more mixing of pore water and therefore smoother (smaller trY) concentration distribution.
INTRODUCTION
The impact of heterogeneities on flow and mass transport in groundwater has been investigated for about two decades. Usually, this type of investigation is performed using the stochastic, as opposed to the deterministic framework. This choice is not based on the assumption that the flow process itself is stochastic but rather on the recognition of the fact that the deterministic description of the parameter distributions would be impractical, if not impossible.
Initial research in this area did not consider the spatial structure of flow properties, assuming that either it behaved like the white noise process (lack of spatial correlation), or had the layered structure in the direction parallel or perpendicular to the flow (perfect correlation in one direction). The next step was to consider spatial correlation of flow properties. Various autocovariance functions, including anisotropic ones, were used to describe the spatial correlation [Dagan, 1984; Gelhar and Axness, 1983] . Excellent review of this research is given by Gelhar [ 1986] . However, in most of these efforts it was assumed that the correlation structure of parameter fluctuations is such that the fluctuation variance is bounded and reaches its asymptotic value when the volume of the analyzed region increases. The validity of this assumption for geologic formations has yet to be demonstrated. The field data from the rather homogeneous Borden site indicate that, at least for this site, the assumption is acceptable. Other sites, however, show scale-dependent variance and long-range correlations of subsurface properties [Burrough, 1981 [Burrough, , 1983a Hewett, 1986] . This evidence prompted us to investigate the statistical behavior of solute transport in heterogeneous systems whose properties exhibit long-range correlations. The statistics of such properties are described using the concept of fractal, self-similar objects. Following that, we examine the behavior of a relatively simple transport problem: two-dimensional (vertical cross section) solute transport in a perfectly stratified medium.
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where S x(f) is the spectral density of X(z), it can be demonstrated that the spectral density of the fractal objects will also have the power law form,
where So is the spectral density at f = 1 and/3 = 2H + 1. For fractal processes, /9 is constrained between 1 and 3 [Hough, 1989; Voss, 1985 
S(f) = s0[fl
It is apparent that the spectrum is not bounded when the frequency approaches zero. This can be understood when one remembers that the low frequencies are associated with large distances and that as the lag approaches infinity, so does the variogram of a fractal process. In this paper we assume that the self-similar behavior of log K distribution has a lower frequency limit. We use the characteristic cutoff frequency f0, which is assumed to be the lower limit of self-similarity, and the associated characteristic length scale• There are, in our perception, two principal questions related to this issue. These questions could be phrased as follows: (1) what does the macrodispersivity estimated for the average concentration field mean in the physical sense, and t.2) how is this parameter related to the process of mixing between hydrocarbon and oxygen plumes. To simplify our discussion, we would like to refer to the results published by Gelhar et al. [1979] . We believe that this discussion could be readily extended to more complex situations. The asymptotic value of macrodispersivity obtained by Gelhar et al. 
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Consider the behavior of this parameter under the influence of two processes: (1) advective spreading, and (2) vertical mixing. First of all, it is obvious that for a lower magnitude of the vertical pore level dispersion (i.e., less mixing), the value of asymptotic dispersivity will be larger, resulting in larger horizontal spreading of the mean concentration field. Without mixing, the asymptotic dispersivity is equal to infinity, and its transient behavior is given by Mercado's results. Similarly, the mixing process is slowed down by larger vertical correlation scale of K (smaller local gradient of C). The spreading process is, however, enhanced by the variability (coefficient of variation) of the hydraulic conductivity field. A similar analysis could be performed using the results presented in this paper for fractal permeability distributions.
It is apparent that the less significant the mixing process is, the larger the apparent dispersion (spreading) will be. If this is the case, then obviously macrodispersivity (understood as a parameter that determines the smoothing of the mean concentration field) is not a good parameter to describe the mixing process. To get a better feel for these interwoven processes, one can look at the variance of the concentration field. If the concentration variance is zero, then the mean concentration is equal to the actual concentration, and the spreading and mixing processes can be described by the same parameter, macrodispersivity. As the concentration variance increases, the two processes drift apart. It is recognized that these results were obtained for a rather idealized transport scenario of perfectly stratified media. In our opinion the results presented in this paper show the qualitative behavior of the spreading process for fractal distributions of hydraulic conductivity. We are currently working on the fully three-dimensional case with isotropic and anisotropic fractal distributions of log K. The results of this effort will be reported in the near future.
It is felt, however, that even the qualitative results presented herein lead to narrowing the gap in our understanding of subsurface transport processes, particularly regarding the actual mixing of soluble plumes with surrounding groundwater. It is a very important phenomenon which has not been given enough attention in the past. It is generally agreed that the mixing of soluble contaminant plumes with the oxygencontaining groundwater is, along with the actual aerobic biodegradation process, the major mechanism contributing to and limiting the biodegradation of soluble hydrocarbon plumes (see, for example, Frind et al. [1989] ). Our results clearly indicate that there is a strong connection between the fractal dimension of K and the mixing process.
